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ABSTRACT

This mathematical model is designed to provide predicted dynamic per-
formance data of shorebased rotary-hydraulic-type aircraft arresting gears.
A Navy Yodel E-28 arresting gear is used for specific comparison between
predicted results of the computer solution and actual test results. The
$cxrlation of an arrestment of a vehicle under a particular set of condi-
tions Ls accomplished by putting information (data) into the computer.
The input data specifies values for the installation geometry and mechan-
i:al properties of the arresting system and the test vehicle. Predicted
dyrami; -alues of forces and motions of the test vehicle, purchase system,

are t5pe reel are printed out versus time at a predetermined incremental
ti-le.

Ttiis report is a phase report on tle development of the model and

otair:- the earl analytical design approaches, the most current analyt-
-c-1 i: oacb with the computer program, and instructions for execution
if the cmputer program.
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I INTRODUCTION

A. The E-28 Mathematical Model was designed and is being developed
by the Computer Division, Engineering Department, NATF, to simulate the
performance characteristics of the E-28 arresting gear and any similar
shorebased rotary-hydraulic arresting gear, such as the BAK-13 or 44B-2D.

B. The ultimate objectives of the design are:

I. To perform parameter predictions which aid in arresting-gear
component design, equipment modification, and the determination of gear
performance changes due to various proposed and/or actual installation
configurations.

2. To reduce the test time of a calibration test program by
generating performance data which could act as "fill in" data once the
upper and lower limits of the engagingrspeed and vehicle gross-weight
spectrums have been established through actual arrestments, provided
good agreement exists.

C. This report has been prepared to document the model in its cur-
rent state of development and to discuss the additional capability neces-
sary to achieve the above objectives (paragraphs Bl and B2).
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II DESCRIPTION OF THE E-28 ROTARY-HYDRAULIC-TYPE ARRESTING GEAR

A. Purpose: The Navy E-28 arresting gear is a shorebased emergency
arresting gear designed to arrest all U.S. Navy arresting-hook-equipped
airplanes under conditions of aborted takeoff or landing overrun.

B. Capabilities: An airplane engaging the arresting gear will be
stopped within a runout distance of approximately 1,000 feet. The maxi-
mum energy absorbing capacity of the gear is 76 million foot-pounds
(nominal). Engagements can be made from either runway direction and at
points up to 40 feet on either side of the runway centerline.

C. General Description of the Arresting-Gear Operation: As shown
in Figure 1, two identical energy absorber units and runway-edge sheaves
are lbrated on opposite sides of the runway and are connected, through
nylon purchase tapes, to a steel wire-rope deck pendant. Arrestment of
a landing aircraft is accomplished by engagement of the aircraft arrest-
ing hook with a pendant stretched across the runway. The attached pur-
chase tapes are pulled off the six-foot-diameter drum on each arresting
gear. Each drum is splined to a shaft which turns a vaned rotor between
vaned stators in a housing filled with a water/glycol mixture. The tur-
bulent fluid resistance caused by the stator and rotor interaction (water
brake) decreases the rotational speed of the drums, thereby slowing down
the purchase-tape payout which in turn applies a braking force on the
aircraft. The ensuing fluid turbulence converts the landing aircraft's
kinetic energy into heat. A cooling system is provided to dissipate this
heat during rapid-cycle operations. After the aircraft has been safely
brought to a stop, and the arresting hook disengaged, the pendadt and nylon
tapes are returned to battery position by an air-cooled gasoline engine
driven retraction system.

A
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III BACKGROUND OF MODEL DEVELOPMENT

A. General: The development of the model from the initial working
model to the current model has mainly involved modifications of the pen-
dant/tape geometric configuration that occurs during an arrestment and is
used as the basis for parameter generation.

B. Design Progress to Date

I. Initial Design: The initial E-28 mathematical model produced
dynamics of the gear directly from the motion of the arresting aircraft.
The geometry of the pendant/tape pattern was assumed to be triangular in
shape. The pendant/tape was assumed to be in a straight line proceeding
from the arresting hook to the runway-edge sheaves throughout the entire
arrestment. The early results of model runs indicated that a more sophis-
ticated approach was necessary.

2. Interim Design

a. The kink wave is a triangle-shaped deformation of the run-
way pendant that is generated from the impact of the arresting hook and
represents the motion of stress propagation in the pendant/tape setup.

b. The idea of designing kink-wave phenomenon into the math
model originated after studying reports written by F.O. Ringleb (refer-
ences (a) and (b)) concerning cable dynamics. The addition of kink-wave
motion td the program design was necessary to more accurately predict
E-28 arresting-gear performance, especially arresting-hook-load and tape-
tension values, for the initial part of an arrestment. The introduction
of kink-wave geometry into the model forced the dynamics of the arresting
system to be generated with respect to the motion of the kink-wave. The
various metbods that were devised to simulate actual kink-wave paths
which hold for the entire simulation of an arrestment are:

(1) arresting-hook-point-to-sheave motion

(2) arresting-hook-point-to-sheave/sheave-to-arresting-

hook-point motion

(3) arresting-hook-point-to-sheave/sheave-to-arresting-
hook-point/arresting-hook-point-to-sheave motion

3. Most Recent Design: The best results that have been obtained
to date are from tYie current modal. This approach assumes that the kink
a~e traels from arresting-hook point ro eheave repeatedly. That ie, When
rt. program determines that the kink vave has reached the runway-edge sbeavt
i.d i- rea.y to "bounce back" to-vard the hcok, program logic forces a new
Vcw , aio to errte from the 'hook and progress toward the sheave. Although
riot in gr4ament with the classical kink-wave motio described by Ringleb in



NATF-EN-1120

reference (a); this method has proven to give the most accurate predic-
tion results to date. The results of this method are compared to the
results of earlier design approaches in the form of a composite plot of
arresting-hook load versus time in Figuire 2.

4
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IV ACTUAL ARRESTMENT DESCRIPTION

A. The purpose of the arresting system is to dissipate the engaging
kinetic energy of an aircraft. This is accomplished by transmitting the
vehicle's energy through the purchase tapes into the tape-reel absorber

units where the energy is converted into heat by the action of fluid tur-
bulence. During the course of an arrestment there are, therefore, three

main types of motion caused by the action and reaction of the system
components:

1. Tape-reel and rotor motion

2. Pendant/tape (kink-wave) motion

3. Vehicle motion

The force interaction between these three types of motion is the principal

basis for the mathematical model simulation of an arrestment.

B. The following is an account of how each type of motion changes
as the arrestment proceeds:

I. Before Impact

a. Arresting Gear - motionless

b. Pendant/Tape - motionless

c. Vehicle - approaching pendant at a predetermined speed
and weight

2. At Impact

a. Arresting Gear - motionless

1h. Pendant/Tape - set in motion by action of kink-wave

generated upon impact

c. Vehicle - speed at impact is the engaging speed for the
arrestment

3. After Tmpact (period of arrestment): The initial braking
force on It vehicle is slight and is imposed by tensions due to purchase-
tape elon,,afion. Once the tape reels are in motion, however, the main
retnrdinig (braking) force is due to the hydraulic brake connected to the
tape r,,*;. A typcal arrestment, therefore, will be described in two
seco V io.: tho fi rst called the dynamic region where there is only slight
retardt ion of tlw vehicle due to kink-wave motion causing purchase-tape
elonat ,; ,,'iid th, second called the hydraulic region, where the main
o~Imrd 1, ,, , the vehicle are encountered.

5
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a. fau Resion

(1) Arresting Gear - tape reels start to rotate due to
tension instilled by kink waves. Fluid pressure in absorber is still
not affected.

(2) Pendant/Tape - kink wave is reflected off of runway-
edge sheaves and travels back and forth repeatedly from arresting-hook
point to sheave, causing the kink-wave "humps" in the recorded tape-
tension values.

(3) Vehicle - speed starting to feel effects of tension
pull of tapes.

b. Hydraulic Region

(1) Arresting Gear - tape reels are increasing speed
rapidly because they are feeling directly the pull of the vehicle's
weight. Fluid pressure in Absorber unit increases steadily.

(2) Pendant/Tape - kink waves have more or less damped
out although effects on tape tension are still noticeable. Tape tensions
are due almost entirely to the retarding force the taps reel fluid has
on the vehicle via the purchase tape.

4. End of Arrstment: When all of the vehicle's kinetic energy
has been transformed into heat in the absorber units through the action
of fluni t-rbulence, the vehicle comes co a stop and the arrestment is
complete. Reel acceleration, arresting-hook load, absorber pressure,
and tape tecsions reached their maximum values in the hydraulic region
of tie arre ?tment and then decreased to their initial pre-impact values1 .

IT'i-' is generally true although sometimes the maximum values of
a.resting-ook load and tape tensions can reach their peaks in the dynamic
region for certain arrestment, runway configurations. Also, due to tape
tretah &were may be a lld in the system when the vepicle is stopped

&-unting for Tmall a-resting-z-ok-lo-d ana tape-tension values.

6
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V SIMULATED ARRESTMENT DESCRIPTION

A. General: The computer program developed is a finite incremental
analysis of arresting-gear dynamics. The simulation of a test event
(aircraft arrestment) is accomplished by relating mathematically the
interreactions between vehicle, kink-wave, and tape-reel motions. Param-
eter computation sections of kink-wave velocity, tape tension and elon-
gation, tape-reel acceleration, etc., which have been developed in
separate studies are applied collectively, while conforming to the pre-
determined shape or pattern of kink-wave design, to obtain performance
results.

B. Calculation Section Logic

1. The calculation section logic consists of equation segments
which compute specific physical properties of the arrestment such as
forces, torques, motions, and distances. Each segment was developed
independently and then combined to provide for the calculation of the
key motion generation parameters--vehicle and reel arcelerations.

2. The logic that begins the calculation loop and generates
simulated motion contains equations which are actually simple integration
techniques. Values of accelerations (tape reel and vehicle) are provided
from the previous pass through the calculation loop. The integration
technique is applied which results in values of velocity and speed (tape
reel and vehicle), and the procedore is repeated to obtain values for
tape-reel revolution and vehicle runout. The basic loop logic is
diagrammed below:

i < VEHICLE ACCEL

STR VEHICLE VEH1ICLE eR -E Ir L
ACCEL - RUNOUT--.,

OFTAPE ON.TAP-F __'APE ARRESTING
CAL DECK ELONG TlIISION 1O001' LOAD
LOP TAPE-REEL_0 REEL

ACCEL ROTATION R

7REEL ACCEL

7
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3. An explanation illustrating how vehicle speed is obtain6d
from vehicle acceleration follows:

letting V2 - vehicle speed at end of time increment (VELNS2),

V, -vehicle speed at start of time increment (VELNST),

A2 - vehicle acceleration at end of-previous time increment,
(VACC2),

A1 - vehicle acceleration at start of previous time increment
(VACC),

T = time,

and at -&1A.
T

Instantaneous speed can be approximated by a value of average speed or

V2 g V1 + At (A, + A2).

This expression represents an integrated process which utilizes the
average of two accelerations, Al and A2, within a specified time incre-
ment, AT, to obtain an average speed difference, AV - At (A1 + A2).

4. Ideally, the most Eccurate simulation can be obtained when
AT approaches zero, then AV - dY. This program assumes that sufficient
accuracy is obtained by letting the time increment At - .001 second.

5. Passing through the calculation loop is then a matterof
jumping from one logic segment to the next. The calculation loop con-
tains seven main logic segments which compute values for:

a. Reel and vehicle motion

b. Pendant or tape kink-wave velocity

c. Kink-wave coordinates

d. Pendant/tape tensions and elongations

e. Tape-reel inertia and acceleration

f. Arresting-hook load

g. Vehicle acceleration

8
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A detailed description of how each of these segments is designed can be
found in Section VI.

9
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VI PROGRAM DESCRIPTION

A. General: The program description format parallels thatof the
program listing (Appendix A). The description is divided according to
the principal sections of progtam logic. Variable titles used here are
identical to those in the program. A complete, list of variable names
and definitions is presented in Appendix B.

B. Computer Information

1. The program is self-contained and therefore, does not refer
to external sources for information, The program language is FORTRAN IV,
and the program has been run primarily on the CDC 6600 computer, however,
it can also be run on an IBM 360/65 computer. The following is run
information for an average run on the CDC 6600:

Compilation time - 6 seconds

Run time - 16 to 20 seconds (with .001 second
calculation time)

Memory locations used - 10,000 words (60 bits per~word)

Output line limit - 2,500 lines

2. Data is written on t wrary disc storage to minimize running
time. Normally, a run is made on priority 6 status which costs 33 cents
per system second. If turnaround time is not a critical factor, the cost
may be reduced by running on priority 0 at 20 cents per system second.

C. Program Sections

I. Input Section

a. This section contains a dimension statement which defines
the linear array, DATUM(32), which is used for program output generation
and storage. Every parameter value of output data is allocated a space
in this array during calculations. Data values can be recorded on tape
or disc storage each time the calculation loop is completed or values can
be recorded at a chosen time interval. Presently the recording time
interval used is .01 second.

b. The variable JGEOR is initialized to zero. JGEOR is a
sequential run indicator and controls the number of program runs performed.

- 10
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c. Read and. format statements of input data complete this
section and are s rated to distinguish arresting-gear configuration
data from event i formation data. The various input values that are
read into the program are listed in Figure 3, which is a sample print-
out of all input values.

2. Initialization Section

a. Initial values, that is values of variables that are
required for the first pass of the main calculation loop, generally fall
into three main catagories:

(I) Deck jeometry

(2) Mechancial properties of arresting gear (reel, tape,
pendant)

(3) Vehicle and arresting-hook properties

b. The following initialization operations are performed on
variables in these categories:

(1) Assignment to the Calculation Variable Names the

Value of Zero

(a) All variable ,names that before pendant impact
have the value of zero--such as tape elongation, kink-wave coordinates
(angles and distances), arresting-gear motipn variables, deck-geometry
values, arresting-hook, load, tape tensions, etc.--are set equal to zero.

(b) Other variables set equal to zero are TIME, the
symmetry flag IFLGSM, the output printer line counter ICOUNT, and the
linear array DATUM(32).

(2) Conversion of Units of Input Variables: To simplify
the preparation of input values, their units are those of standard, com-
monly used values. However, to ease calculations through conformity of
units, some input values must be converted to units which agree with
other variable units. For example, vehicle engaging speed VELENG is
normally referred to in knots and is therefore, input this way. For
calculations, however, speed in FT/SEC would be, more suitable and there-
fore the conversion is performed.

11
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(3) Calculation otf--Ituiediate Input: Parameter vari-
ables that are not part of ifput but have definite values aside from zero
and must be introduced into the main calculation loop, are calculated
from input data or companion Values. An example is the initial vehicle
acceleration VACC, which is compute! from the vehicle mass, VMASS, and
forces of thrust VTHRJS, arresting-hook- load VROOK, and drag VTDRAG.

3. Calculation Section

a. The purpose of this section is to compute prime parameter
values as functions of time for output. The parameters that are currently
being computed are listed in the output section, page 16.. To compute
prime parameter values, many interrelated equations describing

(I) Vehicle distances and motion,

(2) Tape and pendant properties and geometry, and.

(3) Tape-reel rotation and motion

are drawn upon to develop changes of the "key" motion generation param-
eters, vehdtle and reel accelerat4ns, with time. These motion genera-
tion parameters are the basis of the calculation loop.

b. Time Generation: The impact of the arresting..hook with
the pendant is simulated when the calculation loop is entered for the
first time. For each pass through the calculation loop, TIME (arrest-
ment time) is increased by one time calculation increment.

c. Port and Starboard Calculations: Port and starboard
parameter values can be calculated separately if the arrestment is OFF-
CENTER. If the symmetry flag indicates an ON-CENTER arrestment, calcula-
tions are performed for port parameters only and set equal to s',rboard
values for each pass through the loop. (See Appendix C, Program Flow
Chart, for more details.)

d. Main Loop Calculations

(1) The mafn calculation loop is separated into five
sections:

(a) Program stop logic,

(b) Port parameter calculations,

(c) Setting of port parameter values to starboard
parameter values for a symmetrical arrestment,

(d) Starboard parameter calculations, and

(e) Final bIalculations.

12
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The port and starboard calculations contain the same equations, differing
only by the variable name endings, P for port and S for starboard. There-
fore, only the port parameter calculations will be described. Variable
names that depict parameter values at the end of a time increment end in
the number 2.

(2) Program Step Logic: Two separate tests are performid
upon entrance into the main calculation loop to determine if the program
has simulated an arrestment completely and to indicate a halt to program
calculations:

(a) Port or starboard two-block: The instantaneous
radius of outer wrap of the purchase tape on the reel ROWP is compared to
the reel-hub radius RHUB to establish if the tape supply on the reel has
been depleted.

(b) Vehicle Speed: The instantaneous vehicle speed
VELNST is checked to see if it has reached a value of zero which would
indicate the end of an arrestment.

(3) Port Parameter Calculations

(a) Motion calculations: In this section, motion of
the vehicle and tape reels is simulated. Speed and velocity (vehicle -
VELNS2, reel - RSPP2) are obtained by averoging acceleration values of
the beginning (vehicle - VACC, reel - RACP) iatd end (vehicle - VACC2,
reel - RACP2) of the last time increment, multiplying by the time incre-
ments, and then by adding this value to the speed/velocity values at the
end of the previous increment.(vehicle - VELNST, reel - RSPP). Followig
this same integration logic, vehicle runout VRUNO2,and reel revolutions
RPOP2 are obtained from speed/velocity values. The radius of outer wrap
of reel tape ROWP is calculated from the amount of tape that has left
the reel. The amount of tape on a reel at any time RLTP is determined
by the differences of the total length of tape in system TOLENP and the
amount on deck TLENP from the last calculation increment. A new value
for tape on deck TLENP2 to account for the motion of vehicle and rells
is then computed. See Figure 4 for description of variable names of the
runway configuration.

(b) Kink-wave location: The location of the kink..
wave in the tape-pendant configuration is established. The velocity of
the kink-wave is a function of the media in which it is traveling. It
i3 necessary, therefore, to determine for each calculation if the kink
wave is traveling through the nylon tape or steel pendant so that the
proper dynamic equations describing its motion can be employed. This
test is accomplished by checking the three-dimensional distance HYPOTP
whioh is the distance from hook to kink against the length of the pendant
on the port side of hook engagement through the use of an IF statement.

13
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(c) Kink-wave velocity: The kink-wave velocity for
either the pendant or tape is calculated. This velocity iscmuted in

terms of modulus of elasticity (pendant - PEZIO D, tape - ETAPEP), longi-

tudinal wave velocity (pendant .- CPbND, tape - CTAFP), and the trans-

verse impact formula approximation (pendant - PENSIG, tape - TASIGP).

(d) Kink-wave three-dimensional coordinate location:

The instantaneous location of the kink wave is described by a three-dimen-

sional coordinate system which pinpoints its position by means of angles

and linear distances from a fixed reference. See Figure 5 for an illus-

trated descriptiontof this coordinate system. Also, th. instantaneous

arresting-hook elevation HKELEV, the distance of the kink to the tail

hook HYPOTP, and the distance of thekink to the runway-edge sheave

RESULP, are computed. See Figure 6 for an illustrated description.

(e) Pendant and tape elongation, tension: Total

elongation of the tape/pendant configuration, DELP, is computed by sub-

tracting the length of the tape/pendant on the runway of the previous

time increment, TLENP2 and PLENP, from the new length of the tape~pendant

on the runway just established from the three-dimensional distances,

HYPOTP and RESULP and SPLITP. See Figures 4 and 6. The tape elongation

factor, TELVP, which is the percent tape elongation and is required for

substitution into the tape modulus of elasticity equation and the 
tape

tension equation (see pages 1-3 and E-4, Appendix E under procedure), is

computed by subtracting the pendant elongation PEMP from the total elonga-

tion DELP, and dividing by the product of the length of tape on the run-

way TLENP2 and 00. Tape tension, DTuNP, is computed and its values used

to calculate a new value of pendant elongation PELP2, which is a function

of pendant length PLENP, pendant modulus of elasticity PENMOD, pendant

cross-sectional area PENX, and tape tension.

(f) Tape-reel ecceleration, arresting-hook load:

Tape-reel acceleration RACP2, is determined by the relationship between

the torques acting on the reel and rotor and the polar moment of inertia

of the reel and rotor. (See Appendix F for detailed description of

equation derivation.) Arresting-hook load, HOOKP, is established by

resolving tape tension into vector components in the direction of hook

engagament. (See Figure 7, page 31 for diagram.)

(g) Test to determine if kink wave has reached the

shezv : At the end of the port parameter calculation section, a test is

performed to determine whether the kink wave has reaahed the runway-edge

.heave. This test is accomplished by comparing XWAVEP, which is the dis-

tsr:e from tht centerline of engagement to the kink wve, to DHAP, which

i the distance from the centerline of engagement to the runway-edge sheave.

Wen the te.t indicate8 that these values are equal, the kink wave has

t c-hXd the iheave and the three-dimensional coordinates and angles at

i j t.mt, mu:t be recorded in order to establish a niw path for the next

k1, r ,vR ta folow. If the kink wave has reached the eheave, values of

CAMAXF, <. AZP, CAAMZP, XWAVEP, YWAVEP, ZWAVEP, and V11POTP are computed.

14
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(4) Arresting Symmetry Check: If the symmetry flag IFLGSM
indicates an ON-CENTER arrestment and a completely symmetrical .system
installation (IFLdSM - 0), port parameter values are set equal to star-
board parameter values. This procedure minimizes computational time under
computer control wh'en the arrestment is symmeekical. If the arrestment
is not symmetrical (IFLM - 1), the computer is instructed to enter the
starboard calculation section. This test is performed by the use of an
IF statement.

(5) Final Calculations

(a) In the final calculation section, VACC2, the
vehicle acceleration is calculated and parameter variable values that
have been calculated in the port and starboard sections (of peesent time
intrement) are stored for reuse upon the re-entrance of the main calcula-
tion loop.

(b) Vehicle acceleration is obtained simply by apply-
ing Newton's second law of motion and using the f4ndamental quation,
Force a mass x acceleration. Vehicle acceleration is equal to the result-
ant forces acting on it, thrust (VTHRUS), arresting-hook load (VHOOK),
and the total drag force (VTDRAG) divided by its mass (VMASS".

(c) Storage of parameter values for use in the next
time increment is accomplished by assigning present increment variable
values which are suffixed with the number "2", to the same respective
variable names not followed by the number "2".

(6) Saving of Maximum Values: The maximum value of cer-
tain parameters is required for most arresting test programs. This sec-
tion provides a means of obtaining maximum values of desired parameters
for an arrestment along with the times that the maximum values occurred.
Maximumn values are designated by the variable name prefixed by the letter
"A". The following maximum values are currently being computed for
output.

arresting-hook load - AVOOK
tape tension, port - ADTENP
tape tension, stbd - ADTENS
vehicle deceleration - AVACCG
reel velocity, port .RSPP
reel-velocity, s::5d - ARSPS
reel acceleration, port - ARACP
reel acceleration, stbd - AIRACS

(7) Main Calculation Loop Output Storage: All parameter
valua that are to be output are stored in the linear array DATUM(32)
along with the arrestment time TIME(DAM (9)), and are recorded on tape.
I%.e Program listing statement 300 (ee Appendix A), shows the parameter
nam6 along with their aesigned array position.

15


